PURPOSE. The origin of pericytes (PCs) has been controversially discussed and at least three different sources of PCs are proposed: a neural crest, mesodermal, or bone marrow origin. In the present study we investigated a potential neural crest origin of ocular PCs in a transgenic Rosa26-YFP-Sox10-Cre neural crest-specific reporter mouse model at different developmental stages.
P ericytes (PCs) are specialized cells that are located around blood vessels and have numerous important functions. 1 They are active in angiogenesis, 2 regulate endothelial cell proliferation, 3 and are part of the blood brain barrier. 4 In the eye, they represent the outer boundary of retinal capillaries and share a common basement membrane with endothelial cells. PCs play a key role in tissue homeostasis by stabilizing blood vessels, 5 participating in blood flow regulation, 6 and by mediating the formation of the blood retina barrier. 4, [7] [8] [9] In addition, PCs possess multipotency (i.e., they are able to differentiate into other cell types) 1, 10 ; therefore, they are a promising target for regenerative approaches. 11 The ontogeny of perivascular cells, including both PCs and vascular smooth muscle cells (vSMCs), was studied using fate mapping techniques in developing embryos, and diverse origins were revealed. For vSMCs, at least seven origins are described in vertebrate embryos, such as the neural crest or the somites (reviewed by Majesky 12 ). Whether PCs and microvascular SMCs are recruited from the same lineage as the SMCs of large arteries remains unclear.
At least three sources of PCs have been described so far. Performing neural crest quail-chick transplantations, Etchevers et al. 13 showed that vessels with PCs of diencephalic and mesencephalic neural fold origin supply the forebrain, while vessels with PCs of mesodermal origin supply the rest of the central nervous system (CNS). Quail-chick transplantations of brain anlagen and mesoderm verified that dorsal and ventral neuroectoderm can differentiate into PCs and vSMCs of embryonic cerebral blood vessels. 14 Further, under the control of the forkhead box S1 (Foxs1) promoter, neural crest origin could only be proven for PCs located on vessels of the brain surface, 15 while a neural crest origin for PCs in the eye 16 has been claimed using a Wnt-1 mouse model. 17 Beside neural crest origin of PCs, there are also data indicating a bone marrow (BM) origin, at least during postnatal neoangiogenesis: BM-derived green fluorescent protein (GFP)-positive cells have been recruited to vascular endothelial growth factor-induced and tumor-induced vessels, suggesting that progenitors of mural cells are mobilized from the BM. 18 In contrast, in GFP reporter mice under the control of the bone marrow-specific stem cell antigen-1 promoter (sca-1), a vascular endothelial pattern of GFP expression was detected in the brain. 19 However, sca-1-positive cells were found to migrate to the angiogenic front and sites of vascular remodeling, suggesting that they contribute to PC recruitment of developing retinal capillaries. 9 As a third source of PC origin the mesoderm has been suggested. Using a XlacZ4 reporter under the control of an adipose tissue-specific promoter (aP2), Tidhar et al. 20 demonstrated lacZ staining in vSMCs and PCs throughout the vascular bed. They further described vSMCs in the retina and the choroid; however, they did not specifically comment on retinal PCs.
Since the origin of PCs is controversially discussed in the literature, we investigated a potential neural crest origin of ocular PCs located in the retina and the optic nerve, both parts of the CNS, as well as in the choroid, a tissue of mesodermal origin. For that, we characterized ocular tissue of embryonic (E10.5, E14.5) and postnatal (P4, P12, and 6-week-old) transgenic Rosa26-yellow fluorescent protein (YFP)-Sox10-Cre mice 21 using immunohistochemistry.
MATERIALS AND METHODS

Transgenic Mice and Controls
Rosa26-YFP-Sox10-Cre transgenic mice were kindly provided by M. Wegner and C. Stolt (Erlangen, Germany). Sox10-Cre mice 22 and Rosa-YFP reporter mice 23 were bred to generate the Sox10-Cre Rosa-YFP mice. 21 Wild-type littermates (Sox10-wt Rosa-wt) were used as negative controls. Since the Rosa26-YFP-Sox10-Cre mice are on a C3H background, they suffer from a degenerated photoreceptor layer starting about 8 days after birth. As a result, adult animals show intact ganglion cell and bipolar layers but virtually no photoreceptor layer. 24 Therefore, transgenic mice were analyzed at different developmental stages: embryonic day 10.5 (E10.5, n ¼ 2), E14.5 (n ¼ 2), postnatal day 4 (P4, n ¼ 4), and P12 (n ¼ 2) and at 6 weeks old (n ¼ 3). Age-matched wild-type controls were screened at E10.5, P12, and 6 weeks.
Tissue Preparation
Eyes of Rosa26-YFP-Sox10-Cre (strain C57/bl6) transgenic mice and age-matched wild-type controls were prepared for retinal whole mounts and cross sections followed by immunohistochemistry. For that, the mice were deeply anesthetized with an overdose of ketamine and xylazine (100 mg/kg bodyweight and 5 mg/kg bodyweight intraperitoneally) and perfused via the left ventricle with phosphate-buffered saline (PBS) containing 4% paraformaldehyde (PFA). Eyes were dissected free, opened along the ora serrata, and immersed in PBS containing 4% PFA for an additional hour at room temperature (RT). They were rinsed in PBS (24-48 hours) and transferred into PBS containing 15% sucrose (24 hours at 48C). Eyes were embedded in tissue embedding medium (NEG50, Fisher Scientific, Wien, Austria) and frozen at À808C using liquid nitrogen-cooled methylbutane. Tissue was stored at À208C until further processing. Retinal whole mounts and cross sections were prepared from Rosa26-YFP-Sox10-Cre mice at E.10.5, E14.5 (cross sections), P4 (n ¼ 4), P12 (n ¼ 2), and 6 weeks (n ¼ 3) and from age-matched wild-type littermates. All animal procedures were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Immunohistochemistry
The retina was dissected free and prepared for cross sections and whole mounts.
Cross Sections. Eye cups were mounted in a cryostat (HM 550; Microm, Walldorf, Germany), cross sections of 12 lm were collected on adhesion slides (Superfrost Plus; Thermo Scientific, Wien, Austria), and air-dried for 1 hour at RT. After a 5-minute rinse in tris-buffered saline (TBS; Roth, Karlsruhe, Germany) slides were incubated for 1 hour at RT in TBS containing 5% donkey serum (Sigma-Aldrich, Wien, Austria), 1% bovine serum albumin (BSA; Sigma-Aldrich), and 0.5% Triton X-100 (Merck, Darmstadt, Germany). After a 5-minute rinse, slides were incubated with antibodies (Table) for single, double, and triple staining experiments in TBS/ BSA/Triton X-100 overnight at RT. After a rinse in TBS (three times, 5 minutes) binding sites of primary antibodies were visualized by incubation of the corresponding AF488-, AF555-, and AF647-tagged antisera (Invitrogen, Karlsruhe, Germany; 1:1000 in TBS, containing 1% BSA and 0.5% Triton X-100) for 1 hour at RT. After another rinse in TBS (three times, 5 minutes), slides were incubated 10 minutes with 4 0 ,6-diamidino-2 phenylindol dihydrochloride (DAPI, 1:4000, stock 1 mg/mL; VWR, Vienna, Austria), rinsed three times 5 minutes in PBS and were embedded in TBS:glycerol (1:1 at pH 8.6).
Retinal Whole Mounts. Retinal whole mounts were processed in eight-well chamber slides in 250-lL incubation volume. The immunohistochemical procedure was identical to that already described; however the incubation times were prolonged. Blocking was performed overnight at 48C, all washing steps were conducted for 60 minutes, and the incubation with the primary antibodies was performed for 3 days at 48C. Antisera incubation was overnight at 48C and DAPI incubation for 2 hours at RT.
Documentation
For documentation, a confocal laser scanning unit (LSM710; Zeiss, Göttingen, Germany; 320 dry or 340 and 360 oil immersion objective lenses, with numeric apertures 0.8, 1.30, and 1.4, respectively; Zeiss) was used. Sections were imaged using the appropriate filter settings for AF488 (499-nm excitation), dsRed2 (563-nm excitation), AF647 (652-nm excitation), and DAPI (345-nm excitation) and up to four channels were detected simultaneously.
RESULTS
YFP Reporter Protein Expression in the Mouse Retina
In retinal cross sections of Rosa26-YFP-Sox10-Cre transgenic mice, a bright fluorescent reporter positive signal (YFP) was detected in cells with perivascular localization starting at E14.5 ( Fig. 1B-F, arrowheads) . Although sporadic sprouts of the hyaloid artery were identified by lectin staining in E10.5 embryos, Z-stack analysis of confocal images revealed solely nuclei of endothelial cells, displaying no pericytes ( Fig. 1A and inset), indicated by absence of a pericyte nucleus and YFP signal. Even though the developing hyaloid vessels were devoid of PCs by E10.5, YFP-positive PCs were detected on vessels surrounding ocular structures (data not shown). In E14.5 transgenic embryos a positive YFP signal was detected in PCs located at hyaloid vessels (Fig. 1B, 2C , arrowheads). In both E10.5 and E14.5 embryos, YFP-positive cells were absent in cells of the developing retina. Since the Rosa26-YFP-Sox10-Cre mice are bred on a C3H background, a known degeneration of the photoreceptor cells starts progressively at postnatal day 8 (P8). Retinal vascularization develops normally until P12; however, degeneration of the deep vasculature starts at P13. 25, 26 To analyze the vasculature in intact as well as degenerated retinas we investigated P4, P12, and 6-week-old mice. YFP-positive perivascular cells were detected on regressing hyaloid (Fig. 1D , open arrowheads) and developing retinal vessels (Fig. 1D , arrowheads) in the eye of P4 mice. Unlike in the embryonic retina, YFP-positive cells were also detected in the ganglionic cell layer (GCL) of P4 retinas (Fig.  1D , arrows), indicating a non-neural crest activation of the YFP reporter via Sox10 promoter activity at a later time point in development. At P12, YFP-positive perivascular cells were detected in the superficial (Fig. 1E , arrowheads) as well as in the deep capillary plexus (Fig. 1E , open arrowheads), and additionally a bright YFP signal was detected in cells and profiles of the inner nuclear layer (INL; Fig. 1E , open arrows), the GCL, and axons of the nerve fiber layer (NFL; Fig. 1E , arrows). As in P4 and P12 Rosa26-YFP-Sox10-Cre mice, YFPpositive signals were detected in perivascular cells (Fig. 1F , arrowhead) as well as in cells of the INL (Fig. 1F , open arrows), and GCL (Fig. 1F , arrows) of the 6-week-old retina. It was not possible to evaluate the YFP signals in the outer nuclear layer (ONL) of the 6-week-old mice, since the photoreceptor layer in transgenic mice and littermates was degenerated due to the C3H background. In wild-type littermates no YFP signal was detectable (data not shown).
Neural Crest Origin of Retinal PCs
Retinal whole mount preparations displayed a distinct YFP labeling of perivascular cells in the superficial capillary plexus ( Fig. 2A, 2C , 2E, arrowheads) in P4, P12, and 6-week-old mice, and furthermore in the deep capillary plexus of P12 mice. Again these Sox10-driven YFP structures were not detectable in the wild-type littermates (data not shown). Colocalization experiments with chondroitin sulfate proteoglycan (NG2), 27 specifically labeling PCs and vSMCs, revealed an almost total overlap with the YFP-positive perivascular cells (Fig. 2B, 2D , 2F, arrowheads). In subsequent triple labeling experiments these NG2-and YFP-positive retinal perivascular cells revealed also a colocalization with the PC-specific marker platelet-derived growth factor receptor b (PDGFRb; Fig. 3B , 3D, 3F, arrowheads). 28, 29 While the majority of retinal PCs were positive for the Sox10-driven YFP reporter protein, a subset of PCs was devoid of Sox10-YFP reporter expression (Fig. 4A-D , open arrowheads), suggesting that at least one additional cell lineage may contribute to PCs in the retina. Lectin labeling of endothelial cells (Fig. 4D , arrows) revealed no colocalization with YFP expression, excluding their neural crest origin.
Neural Crest Reporter Expression in Retinal vSMCs
In the 6-week-old mice, a smooth muscle actin (aSMA)-positive arteriolar smooth muscle cells (Fig. 5A) showed also a complete overlap with YFP-positive cells (Fig. 5B, 5C ). While aSMA immunopositivity was observed in vessels > 10 lm, it was absent in perivascular cells covering capillaries (Fig. 5D , arrows). These cells represent YFP-positive capillary PCs, colocalizing also for NG2 (Fig. 5E, 5F , arrows). However, despite continuous aSMA labeling of retinal arteries and arterioles, YFP-negative segments were observed in a single animal (Fig. 5G-I, arrowheads) . This indicates that some vSMCs have a different origin than neural crest (Fig. 5I , merged picture).
Neural Crest Origin of PCs in the Choroid and Optic Nerve
In the choroid YFP-positive perivascular cells displayed colocalization with the PC markers NG2 and PDGFRb (Fig.  6A, 6B, arrowheads) . When YFP-positive cells in the optic nerve were analyzed, these were immunoreactive for PDGFRb (Fig. 6D, arrowheads) , thus representing neural crest-derived PCs. Combining NG2 and oligodendrocyte transcription factor 2 (Olig2) 30 labeling, PCs could be differentiated from oligodendrocytes because they were devoid of Olig2 immunoreactivity. Olig2-positive oligodendrocytes were located posterior to the lamina cribrosa, showing nearly complete colocalization with YFP expression (Fig. 6E, 6F , arrows).
DISCUSSION
The neural crest harbors a population of multipotent cells that arises at the border of the nonneural ectoderm and the neural plate. 31, 32 Mouse neural crest migration is initiated before the neural tube is fully closed. 33 After neural crest induction, gene activation is performed by several transcription factors limited to the neural crest. Among these, the expression of the highmobility group (HMG) box-containing genes Sox8, Sox9, and Sox10 has been reported. 31 To investigate a putative neural crest origin of ocular perivascular cells, we used the Rosa26-YFP-Sox10-Cre transgenic mouse model, 21 in which neural crest-derived cells are labeled via the expression of a Sox10 promoter-mediated YFP reporter. With this work we propose that ocular perivascular cells, including PCs and vSMCs in both the retina and choroid, originate from the neural crest. 
Reliability of the Sox10-Cre-YFP Reporter as a Neural Crest Marker
SOX10 is a member of the SOX gene family, by homology related to the HMG box region of the testis-determining gene SRY and is described as one of the most general markers of early neural crest cells. 34 In mice and rats, Sox10 seems to be selectively expressed during early stages of development; in glial cells of the periphery and central nervous system Sox10 is expressed during maturation and adulthood. While Ferguson and Graham 35 described a strong Sox10 expression in the entire postmigratory postotic neural crest population during early chick embryonic development, they denied a mesodermal origin. Further, Bondurand et al. 36 verified Sox10 expression in human neural crest cells and derivatives that contribute to the formation of peripheral nervous system and later in the adult central nervous system. Mutations in the Sox10 gene have been identified in patients with ShahWaardenburg syndrome, which affects melanocytes and intestinal ganglia cells and results in pigmentation abnormalities and defects in the enteric nervous system. [37] [38] [39] The Sox10 transcription factor is a reliable and commonly used target to detect neural crest-derived cells, and the Rosa26-YFP-Sox10-Cre transgenic mouse model therefore facilitates the identification of neural crest progeny cells in the ocular vasculature. The Rosa26-YFP-Sox10-Cre transgenic mouse model used in this study was first reported by Müller et al. 21 in a study characterizing the neural crest origin of perivascular mesenchyme in the adult thymus. The neural crest-specific expression of Sox10 is reported in the mouse from E8.5 to E12.5, 40 and specific labeling of neural crestderived tissue in E11.5 Rosa26-YFP-Sox10-Cre mouse embryos has been shown by Müller et al. 21 Jacques-Fricke et al. 41 analyzed the Sox10-Cre expression pattern in mouse embryos that were crossbred with a Rosa26-lacZ reporter mouse 42 strain. By somite stage 13 (13s), Sox10-Cre driven LacZ expression was high in the first branchial arch and lower in neural crest cells emerging from the neural folds into the first and second branchial arch streams. 41 These authors also reported a delay in Sox10-Cre driven lacZ expression compared to Sox10 mRNA expression in early migrating neural crest cells in the trunk. They further compared the Sox10-Cre to Wnt1-Cre expression pattern and concluded Sox10-Cre expression to be more lineage specific and restricted to neural crest derivatives. In this study, we used the Sox10-Cre mouse crossed with Rosa26-YFP mice, 23 in which Cre recombinase is activated in cells with active Sox10 regulatory sequences, enabling the expression of the reporter protein YFP. Once activated, YFP reporter expression is controlled by the ubiquitous ROSA26 locus and is sustained in Sox10 promoter active cells through excision of the ''stop'' sequence by Cre recombinase. Therefore, fate mapping studies and lineage tracing experiments can be conducted in progeny cells. To evaluate the YFP reporter protein expression at different developmental stages, we analyzed YFP expression in E10.5, E14.5, P4, P12, and 6-week-old Rosa26-YFP-Sox10-Cre transgenic mice.
Neural Crest Origin of Perivascular Cells
Neural crest cell fates have been extensively characterized in birds using quail-chick chimeras. In these experiments, a neuroectodermal origin of cranial PCs/vSMCs was shown by Korn et al., 14 and they subsequently speculated about a possible diencephalic neuroectodermal origin of retinal PCs. In another study, it was shown that the origin of cephalic blood vessels is mesodermal in dorsal/posterior (i.e., neck) vascular compartments, while ventral/anterior compartments (i.e., face) derive their PCs and vSMCs from neural crest cells. 13 It was concluded that the forebrain and retina are supplied by capillaries of both mesoderm and neural crest origin, but there was no particular statement on PCs.
For long-term fate studies, Cre-mediated DNA recombination labeling systems under the control of neural crest gene promoters are used, labeling neural crest cells as well as all subsequent progeny cells. Wnt1 and Sox10 promoter elements are two commonly used neural crest-specific genes to study neural crest cell fate. Wnt1 is expressed in premigratory postotic neural crest cells, 17, 43 whereas Sox10 is expressed in postmigratory neural crest cells. 31, 35 Using a Wnt1 transgenic mouse model, 17 Foster et al. 44 proposed a neural crest origin of thymic PCs and vSMCs. In addition they compared the neural crest YFP expression pattern of Wnt1-Cre mice with Sox10-Cre mice and detected an identical distribution around thymic vessels. Müller et al. 21 described neural crest-derived PCs along the entire thymus (micro-) vasculature using the Rosa26-YFP-Sox10-Cre mouse model, and aSMA was used to identify PCs in that study. We showed here that aSMA is absent in microvascular PCs indicating differences in aSMA expression pattern in the thymic versus retinal microvasculature. However, we detected YFP-positive signals in aSMA-positive vSMCs in arterioles and arteries of the retina and the choroid, corroborating those earlier results. Simon et al. 45 used for the first time an inducible Sox10-CreERT-GFP mouse model to study the contribution of neural crest cells to vascular development. They detected GFP-positive PCs in the cortical gray matter of adult mice after tamoxifen administration at signal (F, arrows) . (G-I) On arterioles, the aSMA signal is homogenously expressed (G, red) ; however, at some segments this signal does not overlap with YFP (H, green, arrowheads). This indicates that some vSMCs have a different origin than neural crest (I, merged picture). embryonic day 7.5. 45 They did not report GFP-positive cells in the retina after embryonic induction, which accords with our findings. We did not detect YFP-positive retinal cells at either E10.5 or E14.5; however, YFP-positive signals were detected in INL and GCL cells in P4, P12, and 6-week-old mice. This postnatal signal indicates a non-neural crest-derived YFP expression in the retina via Sox10 promoter activity at a later time point in development. While Simon et al. 45 induced reporter expression in Sox10 promoter active cells through tamoxifen administration in pregnant mice to target embryonic stages and in adult mice (2-3 months old) to target Sox10 expressing cells in a mature animal, only a subpopulation of neural crest cells at specific time points was hit in this model. This may have contributed to different findings in comparison with our Sox10 mouse model, which expressed the reporter protein in Sox10-positive cells and progeny over the whole life span.
Neural Crest Origin of Ocular PCs
The mammalian retina is assigned to the CNS since it derives from the neural tube and is formed through evagination from the diencephalon. The choroid on the other hand is of mesodermal origin, thus representing a non-CNS-derived tissue. To compare the origin of ocular PCs in CNS and non-CNS tissues, the choroid was studied in addition to the retina and the optic nerve. Sox10-Cre-driven YFP reporter expression was detected in PCs of the GCL and INL of the retina, the optic nerve, and the choroidal microvasculature in our experiments, therefore suggestion a neural crest origin of ocular PCs. Further, a neural crest origin of vSMCs could be demonstrated in larger vessels.
In 2005 Gage et al. 16 used two transgenic mouse models to study the fate of cells derived from the neural crest (Wnt1-Cre 17 ) and mesodermal tissue (aGSU 46 ) in the mammalian eye and proposed a neural crest origin of PCs. The authors focused on the evaluation of PCs in the embryonic hyaloid vessel and concluded that ocular PCs as well as vSMCs are neural crest derived. The b-Gal expression in that Wnt1 mouse model indicated a possible neural crest origin of PCs. However, appropriate markers for PCs, vSMCs, as well as endothelial cells were not provided in the aforementioned study. 16 In the study presented here, the retinal (micro)vasculature of P4, P12, and 6-week-old mice was analyzed for the expression of markers specific for the neural crest (YFP), PCs (NG2, PDGFRb), and vSMCs (aSMA). Newborn mice possess an immature retinal vasculature and persistent hyaloid vessels. The superficial retinal vascular plexus, originating from optic nerve vessels, develops during the first postnatal week and reaches the retinal periphery by P8. Vertical sprouting of the superficial vessel starts around P7 and forms the deep (at P12) and later the intermediate vascular plexus (at P12-P15). 47 With increasing retinal vascularization, the hyaloid vessels degenerate and disappear by P13 to P16. 48, 49 Although we identified sporadic sprouts of the hyaloid artery by lectin staining in E10.5 embryos, pericyte recruitment could not be proven in our set of experiments at that early time point. Analyzing E14.5 and P4 transgenic mice, we could confirm a neural crest origin of hyaloid vessel-associated PCs, as proposed earlier in the Wnt1 model. 16 Since a colocalization of YFP-positive PCs with corresponding markers (NG2, PDGFRb) was detected in P12 and 6-week-old transgenic mice in the retinal vasculature, a neural crest origin was confirmed here as well.
Neural Crest Origin of vSMCs in the Retina, a PCvSMC Continuum
PCs and vSMCs are classified as the two major perivascular cell types. To investigate whether retinal PCs and vSMCs have the same origin, aSMA-positive vSMCs were studied for their colocalization with YFP expression. Since capillary PCs and vSMCs both express the YFP reporter, we suggest a common neural crest origin. Furthermore, we were able to distinguish PCs and vSMCs by their different aSMA expression pattern: vSMCs on vessels with diameters larger than 10 lm were aSMA immunopositive, while capillary PCs were lacking the aSMA signal. Because NG2 is reported to be specific for PCs and vSMCs, 27 and our experiments show a homogenous NG2 expression in PCs and vSMCs, the idea of a morphological and biochemical continuum from vSMCs to PCs 50, 51 is supported by our data. This implies that PCs and vSMCs originate from a common precursor, expressing different marker profiles depending on the site of location (i.e., microvessels versus bigger vessels) and differentiation state.
Neural Crest Origin of Choroidal PCs and vSMCs
Studying human fetal eyes (8-40 weeks gestation) Chan-Ling et al. 52 suggested a common mesenchymal precursor cell for choroidal PCs and vSMCs. These findings are in contrast to our results proposing a neural crest origin of choroidal PCs and vSMCs. The different results obtained may be caused by species differences as well as differences in methodology (antibody analysis versus Sox10 promoter-mediated reporter expression in this study). However, our findings are supported by Gage et al., 16 who suggested a neural crest origin of PCs and vSMCs in the choroid by using a Wnt1-Cre mouse model.
Neural Crest-Derived PCs in the Optic Nerve
The present findings clearly demonstrate the neural crest origin of PCs in the optic nerve by colocalization of PDGFRb-and YFPreporter positive vascular structures. Due to NG2 expression of oligodendrocyte precursor cells (OPCs) in the optic nerve, 53, 54 differentiation of PCs and OPCs is difficult. Therefore, we visualized PCs in the optic nerve primarily by PDGFRb immunohistochemistry. Stolt et al. 55 showed a distinct staining of oligodendrocytes in the optic nerve by using a Sox10 lacZ knockin mouse model but did not comment on optic nerve vasculature. The expression of both Sox9 56 and Sox10 55 in OPCs in the spinal cord has been shown to be crucial for migration and survival of OPCs. 57 The reciprocal regulation of Olig2 and Sox10 expression in oligodendrocyte differentiation was demonstrated in chicken spinal cord. 58 As Olig2 expression persists even after differentiation into mature oligodendrocytes 59,60 a colocalization of Sox10-mediated YFP and Olig2 seemed plausible and was confirmed in double staining experiments in the Rosa26-YFP-Sox10-Cre transgenic mouse optic nerve.
Degeneration of the Vasculature in rd Mutant Mice
Mutation in the retinal degeneration (rd) gene in mice leads to photoreceptor degeneration starting at P8, which results in a single layer of photoreceptor nuclei at P20. 24, 61 As a consequence of this photoreceptor degeneration, retinal vessels also degenerate. Retinal vascularization apparently develops normal until P12 in the rd mouse. A degeneration of the deep vasculature starts at P13, characterized by a rapid loss of endothelial cells, 62 while the intermediate capillary plexus degeneration starts at P21, although slower than observed in the deep plexus. 25, 26, 62 Retinal vasculature in the mouse is absent at birth (P0) and develops during the first three postnatal weeks. 63, 64 Since the transgenic mice used in our study are on a C3H background (rd mutation), we cannot exclude rd-induced alterations of the retinal vasculature. Therefore, we additionally investigated the neural crest origin of PCs in P4 and P12 mice, which allowed us to study retinal vasculature under still ''normal'' conditions. This minimizes the possibility that Sox10 expression is induced as a consequence of retinal degeneration, leading to a (''wrong-positive'') nonneural crest-derived YFP reporter signal. However, since we demonstrate that the YFP signal pattern was identical in the vasculature of P4, P12, and 6-week-old retina, we therefore exclude this possibility.
CONCLUSION
Using the Sox10-YFP transgenic mouse model, we propose a neural crest origin of retinal PCs and vSMCs. Furthermore, a neural crest origin of perivascular cells was demonstrated in the choroid and the optic nerve. A common neural crest origin of vSMCs and PCs supports the idea of a developmental and differentiation continuum from vSMCs to PCs.
